The neutrino-producing reactions that are believed to occur in the interior of the sun are reviewed and the predicted neutrino fluxes from these reactions are presented. The relevant absorption cross sections for neutrino-induced transitions from the ground state of Cl37 to various states in Ar37 are then calculated. The nuclear model adopted in these calculations is also used to predict the decay rates and branching ratios for a number of nuclei with 1d312" configurations; comparisons with experiment are made wherever possible and additional tests are suggested. A method for extracting Gamow-Teller matrix elements from mixed transitions between members of the same isotopic multiplet is then illustrated. The theory of bound-state neutrino capture is also outlined and applied to the proposed solar neutrino experiment. In an Appendix, some neutrino cross sections that are useful in interpreting the reactor experiment of Davis are presented.
I. INTRODUCTION
T HE theory of nuclear energy generation in the sun can be tested directly 1 • 2 by observing the terrestrial rate of the reaction CP 7 (vso!ar, e)Ar 37 • In this paper, we present some of the theoretical considerations that underlie the proposed 2 solar neutrino experiment and suggest a number of laboratory experiments that could reduce the uncertainties in the interpretation of Davis's solar neutrino experiment.
In Sec. II, the neutrino-producing reactions that are believed to occur in the interior of the sun are reviewed; the predicted fluxes from these reactions are given in Sec. III. The relevant absorption cross sections for transitions between the ground states of Cl 3 7 and Ar 37 are presented in Sec. IV. In Sec. V, the theory of boundstate neutrino capture is outlined and applied to the proposed solar neutrino experiment. In Sec. VI, the cross sections for neutrino-induced transitions from the ground state of Cl 37 to various excited states in Ar 37 are calculated. The nuclear model adopted in Sec. VI is then used to predict, in Sec. VII, the decay rates and branching ratios for a number of other nuclei with 1d312n configurations; comparisons with experiment are made wherever possible and additional tests are suggested. The total predicted number of solar neutrino captures per terrestrial Cl 37 atom per sec is given in Sec. VIII. In an Appendix, some cross sections that are useful in interpreting the reactor experiment of Davis 3 are presented.
II. NEUTRINO-PRODUCING REACTIONS
The following reactions that are believed to occur in . the interior of the sun produce neutrinos with continuous energy spectra 4 • 5 :
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Nl 3~C13 +e++v
(1.20MeV),
0 16~N l 5 +e++v
(1.74MeV).
The numbers given in parenthesis are, except for reaction (2), the maximum neutrino energies for the respective reactions. The state in Be 8 that is populated by the beta decay of B 8 is approximately 2 MeV wide; hence, the number given in parenthesis beside reaction (2) is the maximum neutrino energy corresponding to B 8 beta decay to the peak of the first 2+ resonance in Be 8 • If Li 4 were only slightly heavier than He 3 and a proton, the following decay would also be important:
However, arguments based upon the preliminary experiment of Davis 2 and the cross sections presented in Sees. V and VI have already been used to show 1 ·• that Li4 is heavier than He 3 plus a proton by more than 20 keV and that Li 4 does not play a significant role in the hydrogen-burning reactions in the sun.
The following reactions produce neutrinos with discrete energies, except for a small thermal broadening due to the spread in intitial electron energies and, in the case of B 8 , a 2 MeV spread due to the width of the particle-unstable final state of Be 8 : H 1 +H 1 +e~H 2 +v (1.44 MeV), (6) He 3 +e~H 3 +v 
Nia+e-~ Cla+v (2.22 MeV),
o1s+r---" NI"+ v (2.76 MeV).
• P. D. Parker, J. N. Bahcall, and W. A. Fowler, Astrophys. J. ties in the nuclear parameters for the most important neutrino-139, 602 (1964) . This article contains a discussion of the uncertain-producing reactions. 
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III. NEUTRINO FLUXES
A. Reactions (1)- (4) and (8) The neutrino fluxes from the sun due to reactions (1)-(4) and (8) have been calculated by Sears and others6-8 using detailed models of the sun. Sears 7 has also investigated the uncertainties in the predicted fluxes due to uncertainties in nuclear cross sections, as well as solar composition, opacity, and age. The estimated neutrino fluxes, derived from the work of Sears, from reactions (1)- (4) and (8) are given in Table I . The choice of "best" values for the fluxes presented in Table I is somewhat arbitrary since the predicted fluxes depend upon nuclear and solar parameters that are imperfectly known. The reader is referred to the original work 7 for a clear discussion of the sources of uncertainties.
Note in Table I that the neutrinos from reaction (1) (p-p neutrinos) are the most numerous and the neutrinos from reaction (2) (B 8 neutrinos) are the least numerous.
B.
The relative probability of reactions (6) and (1) is approximately equal to 8 • 9 the final-state phase space for reaction (6) divided by the final-state phase space for reaction (1). The phase-space factor for reaction (6) has been calculated by Bahcall, 10 and the phasespace factor for reaction (1) has been calculated by Salpeter.U Inserting the parameters of the basic model of Sears 7 in the above-cited phase-space factors, we find that reaction (6) is responsible for only 0.3% of the proton-proton reactions at the center of the sun. The solar average (computed by a hand integration with the basic model of Sears 7 ) of the relative probability for reactions (6) and (1) is shown in Sec. IV that this neutrino flux, when combined with the appropriate neutrino absorption cross section, is too small to be of importance in Davis's proposed experiment.
C. He 3 +e---t H 3 +v Pochoda and Reeves 8 have pointed out that endoergic reaction (7) gives rise to both neutrinos and antineutrinos. The relevant sequence of decays is and (7) (7') Bahcall and Wolf 12 have recently calculated the relative probability for the He 3 (e-,v)H 3 and the He 3 (Hea,2p)He4 reactions. They find, for typical solar conditions, that reaction (7) occurs only about two times for every 10+5 proton-proton completions. Moreover, the H 3 (p;y)He 4 reaction occurs about 10+9 times faster in the sun's interior than the beta decay of tritium, reaction (7'). Hence, the flux of low-energy neutrinos and antineutrinos from reactions (7) and (7') is much too small to be detectable with present experimental techniques. The positron emitters (B 8 , N 13 , and 0 15 ) whose neutrino fluxes were calculated by Sears 7 can also decay in stellar interiors by capturing a continuum electron. 8 The ratio of the continuum electron-capture probability to the positron emission probability is 10 • 13 Note that the neutrinos emitted in the electron capture processes (9)-(11) have 2m.c 2 (1.022 MeV) more energy than the neutrinos emitted in the corresponding positron decay processes (2)-(4).
In Table II , we present values forK, j, and ( r~+/ Te.c.) for processes (9)-(11). The values of j were obtained by direct numerical integration of the defining equation15•16 and include finite nuclear size and relativistic corrections. In obtaining Table II , we have used the temperature and density at the center of the sun given by the basic model of Sears. 7 The solar average of (r~+/r •. c.) is approximately equal to j the central value listed in Table II .
The neutrino flux for any of the electron-capture processes (9)- (11) Table I . It is shown in Sec. IV that the neutrino fluxes from processes (9)-(11), when combined with the appropriate absorption cross sections, are too small to be important in Davis's proposed neutrino experiment.
IV. ABSORPTION CROSS SECTIONS FOR GROUND-STATE TRANSITIONS
In this section, we give the cross section for the reaction
and apply this general result to the calculation of absorption cross sections for transitions from'the ground state of CP 7 to the ground state of Ar 37 induced by solar neutrinos from processes (1)-(11). We assume in this section that the electrons produced by the reaction (16) are all created in continuum states. In Sec. V, the theory of bound-state neutrino absorption is briefly described and the results are applied to the calculation of cross sections for reaction (16).
A. General Formulas
The theory of nuclear beta decay 16 • 16 can be used to calculate the cross section for reaction (15). We find
where G. is the beta-decay coupling constant; ~ is the usuaP 0 • 15 allowed combination of nuclear matrix elements; p. and w. are the momentum and energy, respectively, of the electron that is produced; and F(Z,W.) is the familiar Fermi function 16 which takes account of Coulomb and nuclear size corrections. Equation (17) reduces to the standard 17 absorption cross section for antineutrinos incident on protons if F is set equal to unity and ~ is set equal to its single-particle value.
We are primarily interested in cross sections for reaction (16). Since Ar 37 decays on earth by electron capture, the product G. 2~ that occurs in Eq. (17) can be eliminated, for transitions between ground states, in favor of the experimentally measured Ar 37 electron capture lifetime and L/ K capture ratio. We obtain where and
G(Z,w.)=(cp.F(Z,W.)/2?raZW.).
(18a)
In Eq. (18b), q1. is the energy of the neutrino produced in the K-capture process; ( Tlf2)e.c. is the laboratory electron capture half-life; L/ K is the electron capture ratio; and 1/11s (0) is the wave function at the nuclear surface of a K electron in the final atom (Ar37). Equations (18) can be used to calculate the absorption cross sections for the monoenergetic neutrinos that are produced by processes (6)-(11). However, the positron decay processes (1)-(5) produce neutrinos with a continuous spectrum of energies. Hence, for the positron decays (1)-(5), the appropriate cross section is
where "A(q.) is the known 15 · 16 neutrino spectrum of the appropriate positron emitter. The neutrino and electron energies in Eq. (19) are related by the conservation of energy, i.e.,
where W o is the difference between initial and final nuclear masses. The final state of Be 8 that is predominantly populated by B 8 beta decay is a broad state; hence the cross sections given by Eq. (19) must, for B 8 decays, be averaged over the profile of the final nuclear state. This particular averaging process changes the predicted neutrino absorption cross section by only a small amount and is not included in this section; numerical results for this effect are summarized in Sec. VI E. 
B. Numerical Results for Cl3 7
The value of uo for reaction (16) can be computed accurately by inserting the following data in Eq. (18b) 18 : q18=814 keV, (rt/2)e.c.=35.0 days, L/K=0.100, and h!tt.(0)12= 1.189X 1o+ 28 cm-3 . We find uo= 1.91X 1Q-46 cm 2 .
(20)
The cross sections for neutrino-induced transitions between the ground states of CP 7 and Ar 37 are given in Table III ; the cross sections presented correspond to the solar emission processes (1)-(11) [except for process (7) ]. The cross section for inducing reaction (16) with solar neutrinos from the He 3 (e-,v)H 3 decay is essentially zero because the average of neutrinos from reaction (7) is much less than the threshold energy (814 keV) for reaction (16). The cross section for inducing reaction (16) with continuum neutrinos from the proton-proton reaction [Eq. (1)] is also essentially zero, since the endpoint energy of the proton-proton reaction (0.42 MeV) is less than the threshold energy (0.81 MeV) for the Cl 37 -Ar 37 transition.
Exchange and overlap corrections 19 are negligible for the cross sections we have calculated. A 5-keV change in the assumed threshold energy for reaction (16), or in the maximum incident neutrino energy, changes the calculated N 13 continuum cross section by at most 4%; all other continuum cross sections in Table III are altered by less than 4% if the threshold energy or maximum neutrino energy is changed by 5 keV.
Multiplying the fluxes given in Sec. III by the appropriate cross sections given in Table III The results presented in Sec. IV were derived assuming that all electrons produced by reaction (15) are created in continuum orbits; a similar assumption is also made in all other discussions of neutrino absorption cross sections with which the author is acquainted. However, a certain fraction of the electrons that are produced will be created in bound atomic orbits, resulting in an electrically neutral final atom. 21 The absorption of a neutrino accompanied by the creation of a bound atomic electron and the transformation of a neutron into a proton is the inverse process corresponding to the familiar electron capture process. The theory for this inverse process, which we shall call "boundstate neutrino absorption," is analogous to the theory of bound-state beta decay.22,2a
The cross section for allowed bound-state neutrino absorption can easily be derived. We find for the effective capture cross section into a single bound atomic orbit b
In Eq. (21a), qb is the energy of the incident neutrinos that are absorbed, i.e.,
where 11E(b) is the difference between initial and final atomic binding energies. The quantity P(qb) is defined by
where rp(q) is the incident neutrino flux. For positron decays,
A simple approximate formula for the bound-state absorption cross section is (22) where nb is the principal quantum number for state b. We have calculated, using Eqs. (21d) and (22), the bound-state absorption cross sections for neutrinos from processes (2)-(4) incident on Cl 37 ; we find that ub is always small compared to the corresponding continuum absorption cross section, u c· The largest value of (ub/ u .) for processes (2)- (4) Notice, however, that bound-state absorption is a resonance process and ub can become large if P(qb) is large. Thus, it would be interesting to try to devise an experiment that could exploit the resonance character of bound-state absorption.
VI. TRANSITIONS TO EXCITED STATES
In this section; we investigate transitions from the ground state of CP to various excited states of Ar3 7 . These transitions, induced primarily by neutrinos from ns decay, play a dominant role in Davis's experiment. 24
A. The States and Their Quantum Numbers
The ground state of 11Cb0 37 has the quantum numbers (spin, parity, isotopic spin): J = !+, T=! and a shellmodel configuration (in proton holes) that is 1da;2 3 . There are five states in 1SAr19 37 that can be formed from the 1d312 2 proton holes and 1d312 neutron hole; the spins of the five states are,!,! (two states),!, and~. all with positive parity. In the ensuing discussion, we ignore all states in Ar 37 that are not primarily composed of three 1d3;2 holes, since states that are not primarily composed of three 1da;2 particles will only give rise to small matrix elements for transitions from the ground state of Cl 37 . The transition from the!+ ground state of Cl 3 7 to the ~+excited state of Ar 37 is forbidden and hence the ~+ state is also ignored in the following discussion.
The 
B. General Formulas
The absorption cross section for neutrinos to induce an allowed transition between an initial nuclear state I and a final nuclear state I' can be shown to be where w. and G(Z,w.) are defined by Eqs. (18c) and (18d), respectively. The quantity (j-r1;2)r:r' equals the experimental ft value for an observed transition and in 
and ~ is the usual combination of reduced matrix elements that obtain for allowed decays, conserved vector current (CVC) theory. 31 The GamowTeller matrix element can be calculated by constructing eigenfunctions of total angular momentum and isotopic spin from the basic 1d312 3 configuration and, in addition, assuming perfect overlap between the initial and final 1da 1 2 single-particle wave functions. In this way, we find (u) 2 =l.
(33)
These results are summarized in row 1 of Table IV.
Note that in Table IV 
D. Transitions to the T=! States
The matrix elements for transitions to the three T=! states of Ar 37 can be calculated by constructing eigenfunctions in the way discussed in the previous subsection. The imperfect overlap between initial and final single particle states can be estimated by comparing the theoretical jt value with the measured jt value for the Ar3 7 ---+ Cl 37 transition between ground states. Let x be the parameter that measures the imperfect overlap of the appropriate products of single-particle radial wave functions. Then, for the ground-state transition, 
E. B 8 Solar Neutrino Cross Sections
The neutrinos from B 8 decay can induce allowed transitions to all four of the Ar 37 states discussed in the previous subsections. The cross sections for the various transitions can be calculated from Eq. (29b) and Table IV , once the excitation energies of the various states are known; the cross sections that are calculated must, of course, be averaged over the B 8 neutrino spectrum in the manner indicated by Eq. (19). In addition, the B 8 cross sections must also be averaged over the profile of the approximately 2 MeV wide Be 8 state that is predominantly populated in the B 8 beta decay. This has been done using the experimental profile, corrected for beta-decay phase space, obtained by Alburger et al. 32 The net result is an approximately S% decrease in all predicted B 8 cross sections compared to the values that were computed assuming a sharp state 
Only about 6% of the total predicted cross section is due to ground-state transitions.
F. Estimate of Uncertainties
The estimate of the uncertainty in [a(B 8 )]total that is given in Eq. (34) was obtained by assuming that the uncertainty in the rate of the superallowed transition discussed in Sec. VI C is about 5% and the uncertainty in the rate of both of the excited-state transitions discussed in Sec. VI D is about SO%. The small estimated uncertainty in the prediction of the superallowed rate is based upon (i) the experimental results of Freeman et al. 30 for the Fermi matrix elements of o+---+ o+ superallowed transitions; (ii) the fact that the Gamow-Teller contribution is expected to be small ("' 7%) ; and (iii) the excellent agreement between theory and experiment for the superallowed decay of K 37 (see next section). The estimated uncertainty for the two other excited-state transitions of interest is a guess based upon the rough comparisons between theory and experiment made in Sec. VII. Further experimental work of the kind discussed in Sec. VII is necessary before a more accurate estimate of the uncertainty in the excited-state rates can be made. In order to test the accuracy of the nuclear model adopted in Sec. VI, we predict in this section the decay rates for some other transition among nuclei described by d 312 configurations. We also illustrate a method for analyzing allowed beta decays that, assuming the eve theory and the constancy of the ratio CA./Cv, permits one to extract experimental Gamow-Teller matrix ele- The K 37 ---+ Ar 37 positron decay involves primarily one superallowed decay (the decay between ground states) and two allowed transitions (see Fig. 1 ). The predicted matrix elements and jt values for these transitions are given in rows 5, 6, and 7 of Table IV. Note that the theoretical reduced jt value for the superallowed decay between the ground states is in excellent agreement with experiment (the small uncertainty in the theoretical prediction is due to the uncertainty in the value of CA/Cv). The branching to the two excited states is predicted, on the basis of the assumptions outlined in Sec. VI, to be 0.83% and 0.92%, respectively, as shown in Fig. 1 . The f values used in these predictions are given in Table V ; they include nuclear size and relativistic effects in the manner described by Fano. 33 The branching in the K 37 decay has not yet been observed experimentally, and, in fact, Endt and Van der Leun 25 list the decay as going 100% to the ground state of Ar 37 • It would be very useful to measure the branching ratios in the K 37 ---+ Ar 37 decays to an accuracy sufficient to test significantly the above predictions.
The isotope 2oCa 37 is predicted to be particle stable by 3 MeV; it has not yet been observed. It would be interesting and useful to measure the total lifetime and branching ratios in the positron decay of Ca 3 7 since 34 : (i) no superallowed decay among members of the same isotopic quartet (T=!---+ T=!) has yet been observed (to the author's knowledge); and (ii) the matrix elements for these decays are identical, except for small Coulomb corrections, with the matrix elements occurring in the CJ3 7 ---+ Ar 7 transitions. The reduced matrix elements and jt values for the predicted Ca 37 ---+ K 3 7 decays are given in rows 8-11 of ratios are, in order of increasing excitation energy, 12%, 23%, 31%, and 34%. The total lifetime of ea 37 , including all four branches, is predicted to be 0.13 sec.
B. Other d3; 2 Transitions
The nuclear mode described in Sec. VI can be used to predict transition probabilities for decays among nuclei that do not have A equal to 37 but whose shellmodel configurations are d312 or d3; 2 2 • Some predictions are shown in Table VI and are compared with experiment wherever possible; the relevant f values are given in Table V . It would be useful to have more accurate data for the decays shown so that more meaningful comparisons with theory could be made. The rather poor agreement between theory and experiment in the mass 33 and 35 decays may reflect the fact that 16 is not a magic number; thus, the assumption that the relevant states are described by configurations constructed solely from ds;z single-particle states is probably inaccurate. The disagreement between theory and experiment for the superallowed Ar 35 branch is, however, surprisingly large; the experimental result implies that the Gamow-Teller matrix element for this transition is approximately 0.08 instead of the predicted value of 0.32. The discrepancy between theory and experiment for the ea 39 superallowed decay, about 20%, is also somewhat surprising. Some experimental values of (a-)2 that were obtained with the help of Eq. (35b) are shown in the last column of Table VI. Note that the accurately measured (a')Zexp for the S 35 decay is in good agreement with the theoretical prediction; the values of (a?exp for the Ar 35 excited-state decays are much less well known and appear to differ significantly from the predicted values. It would be useful to obtain more accurate experimental data for the Ar 35 decays.
VIII. SUMMARY
The total predicted number of neutrino captures is '2:-cp!J= (3.6±2) X 10 35 per Cl 37 atom per sec; (36) about 10% of the predicted number of absorptions is due to Be 7 neutrinos and about 90% is due to B 8 ' neutrinos. Uncertainties in the theoretical neutrino absorption cross sections can be reduced, and the interpretation of Davis's proposed solar neutrino experiment simplified, by performing accurately some of the betadecay experiments discussed in Sec. VII.
APPENDIX
Davis 3 has shown that the neutral particle ii{j that appears in negatron emission is different from the neutral particle Vfj that appears in positron emission. This difference was established, using antineutrinos from a reactor, by demonstrating that the cross section for Cl 37 (ii{j,e-)Ar3 7 was much less than would be expected, on the basis of the measured Ar 37 electroncapture lifetime, if ii{j were equal to Vfl.
Previous estimates of the expected cross sections for CJ3 7 (ii{l,e-)Ar 37 have not included the possibility of excited-state transitions; such transitions may be included using formulas (29) and Table IV of the present work. For use in this connection, we present in Table   TABLE VII 
